Mixed lineage leukemia (MLL) fusion proteins are derived from translocations at 11q23 that occur in aggressive subtypes of leukemia. As a consequence, MLL is joined to different unrelated proteins to form oncogenic transcription factors. Here we demonstrate a direct interaction between several nuclear MLL fusion partners and present evidence for a role of these proteins in histone binding. In two-hybrid studies, ENL interacted with AF4 and AF5q31 as well as with a fragment of AF10. A structure-function analysis revealed that the AF4/ AF5q31/AF10 binding domain in ENL coincided with the C-terminus that is essential for transformation by MLL-ENL. The ENL/AF4 association was corroborated by GST-pulldown experiments and by mutual coprecipitation. Both proteins colocalized in vivo in a nuclear speckled pattern. Moreover, AF4 and ENL coeluted on sizing columns together with the known ENL binding partner Polycomb3, suggesting the presence of a multiprotein complex. The overexpression of ENL alone activated a reporter construct and a mutational screen indicated the conserved YEATS domain as essential for this function. Overlay and pulldown-assays finally showed a specific and YEATS domain-dependent association of ENL with histones H3 and H1. In summary, our studies support a common role for nuclear MLL fusion partners in chromatin biology.
Rearrangements of the mixed lineage leukemia gene (MLL) are associated with phenotypically and genetically distinct lymphoid and myeloid acute leukemias. The recurrent chromosomal aberrations affecting the coding sequence of MLL at 11q23 fuse the 5 0 end of MLL in frame to various different partner genes ultimately leading to the production of oncogenic fusion proteins (for a review see Ayton and Cleary, 2001; Hess, 2004) . The unaltered MLL is an ortholog of fly TRITHORAX. Both proteins share a similar function as maintenance factors for transcription, comprising a cellular 'memory' system. As members of large multiprotein complexes MLL and TRITHORAX contribute to the epigenetic modification of chromatin regions that need to be continuously transcribed (Petruk et al., 2001; Nakamura et al., 2002; Yokoyama et al., 2004) . MLL has intrinsic histone H3, lysine 4 methyltransferase activity encoded by its C-terminal SET domain (Milne et al., 2002) . In addition, MLL recruits the SWI/SNF chromatin remodeling complex as well as the histone acetyltransferase CBP (Rozenblatt-Rosen et al., 1998; Ernst et al., 2001) . In the leukemogenic fusion proteins, these chromatin associated functions of MLL are lost and replaced by the respective fusion partner. MLL has to be converted to a transcriptional activator by the fusion to gain oncogenic potential. This is achieved either by dimerization of the MLL N-terminus (Martin et al., 2003; So and Cleary, 2004) or through a direct connection with a transactivator domain derived from the respective partner (Slany et al., 1998; So and Cleary, 2002) . Interestingly, not all generic transactivators fused to MLL are capable of transformation (Zeisig et al., 2003b) . The experimental evidence suggests that activation domains conferring oncogenic properties to MLL must simultaneously recruit chromatin modifying activities and the RNA polymerase II transcription machinery . Different MLL fusions converge in their transforming pathways on a common set of target genes. Ectopic expression of these genes at a certain stage during maturation of hematopoietic precursor cells elicits a block in differentiation that constitutes the first crucial step towards full malignant conversion Zeisig et al., 2003a) . Among the identified targets, the homeobox transcription factors Meis1 and Hoxa9 are two critical downstream effectors for MLL fusion mediated transformation and increased expression of HOXA9/MEIS1 is characteristic for leukemias with MLL rearrangements (Rozovskaia et al., 2001; Yeoh et al., 2002; Ferrando et al., 2003; Ross et al., 2003) .
The eleven-nineteen-leukemia protein ENL is joined to MLL in the frequently occurring translocation t(11;19) resulting in the prototypical fusion protein MLL-ENL. Structure-function analysis of MLL-ENL has shown that the ENL C-terminus is necessary and sufficient for transformation and provides a proteinprotein interaction surface with transactivator potential (Slany et al., 1998) . The ENL C-terminus interacts with another MLL fusion partner, ABI-1, once this normally cytoplasmatic protein has been imported into the nucleus by the fusion with MLL (Garcia-Cuellar et al., 2000) . Moreover, the same domain of ENL also recruits the protein PC3 (polycomb3, also termed CBX8 for chromobox protein 8), a factor involved in chromatin remodeling . In order to search for other proteins capable of interaction with ENL, a two-hybrid screen was carried out with fulllength ENL as bait. For this purpose, 3.5 Â 10 6 independent clones of a human bone marrow cDNA library were tested for interaction by a mating strategy. Although the endogenous transactivation capability of ENL lead to autonomous activation of the lacZ reporter in the tester strain AH109 (not shown), the selective markers ade and his were unaffected by ENL enabling a selection for interactions on the corresponding dropout media. In total, 68 colonies were obtained that were autotroph for histidine and adenine. A library plasmid with a discernible insert could be reisolated and sequenced from 37 candidates. In total, 12 of these contained a gene fused correctly to the GAL4-activation domain, whereas the remaining 25 clones mostly represented out of frame fusions or combinations of the GAL4-AD with noncoding DNA, for example, from Alu-repeats (not shown). Most surprisingly, 8/12 plasmids encoded parts of three different nuclear MLL fusion partners: AF4, AF5q31 and AF10. The remaining four clones represented the PC3 protein that had been already identified as an ENL interaction partner, indicating that the screen was most likely exhaustive. Upon retransformation into yeast all initially isolated library plasmids again supported growth on selective dropout media (Figure 1a) . In a test with an existing bait-series of ENL mutants that had been established during earlier studies (Garcia-Cuellar et al., 2000 , the library encoded GAL4-AF4, GAL4-AF5q31, and GAL4-AF10 all interacted with a C-terminal portion of ENL (Figure 1b) . In contrast to PC3, the nuclear MLL fusion partners also bound to a mutant version of the ENL C-terminus lacking the last 15 amino acids. This small deletion had been shown to completely inactivate the transforming activity of the corresponding MLL-ENL protein (Slany et al., 1998) . Since AF4 and AF5q31 belong to the same protein family and share more than 50% homology across the whole length, the more frequently occurring AF4 was used as representative example in the following experiments. Starting from full-length AF4 mutants were constructed to determine the ENL interaction domain (Figure 1c ). Cotransformation with full-length ENL as bait revealed that Cterminal sequences of AF4 around amino-acid position 900 were responsible for the interaction with ENL. In the case of AF10, unexpectedly, binding to ENL was lost whenever the originally isolated AF10 peptide comprising amino acids 206-350 was enlarged ( Figure 1c and not shown). Despite correct expression full-length AF10 was unable to yield a productive interaction with ENL in yeast. Owing to this unusual result, we concentrated on the characterization of the ENL/AF4/AF5q31 interaction for the remainder of this study.
To corroborate the two-hybrid results and to probe if the ENL AF4 association is direct, a GST pulldown experiment was carried out. Labeled AF4 was produced by coupled in vitro transcription and translation in the presence of 35 S-labeled methionine and the protein was tested for binding to ENL. Autoradiography of the pulldown complexes revealed that radioactive AF4 bound to a GST fusion containing amino acids 231-559 of ENL but not to GST alone ( Figure 2a ). As additional evidence for an ENL-AF4 complex, the interaction was tested in vivo by mutual coimmunoprecipitation. In cells coexpressing HA-tagged AF4 and flag-tagged ENL, an anti-flag antibody brought down also HA-AF4 and vice versa. This reaction was specific and required an ENL-AF4 interaction as AF4 could not be precipitated by addition of the anti-flag antibody in the absence of flag-ENL. The same was true for the reciprocal experiment ( Figure 2b ). Further evidence for an association of ENL with AF4 in living cells was derived from colocalization studies. A fusion of ENL with enhanced green fluorescent protein showed a nuclear speckled distribution that coincided completely with the pattern displayed by an analogously constructed fusion joining AF4 with red fluorescent protein ( Figure 2c ). Finally, we wanted to know if ENL and AF4, as well as the known ENL binding partner PC3 are members of a larger complex. For this purpose, stable HEK293 cell lines expressing flag-ENL or HA-AF4 were created by retroviral transduction. The advantage of retroviral transduction was that the resulting cell lines expressed the protein of interest only at very moderate levels, thus avoiding a gross disturbance of cellular stoichiometry. Nuclear extraction with buffer containing 500 mM NaCl yielded extracts that were separated on a calibrated Sephacryl S300 column and analysed by immunoblotting. In these experiments, all three proteins ENL, AF4 and PC3 coeluted in fractions that corresponded to a molecular weight of approximately 400 kDa. The molecular weights of the monomeric proteins summed up to 236 kDa (ENL: 62 kDa -runs anomalously on SDS gels, AF4: 131 kDa, PC3: 43 kDa). Therefore, it is likely that the putative ENL complex contains one or more additional members with a total molecular mass of about 160 kDa.
During our experiments, we serendipitously noted that high-level overexpression of ENL lead to an indiscriminate activation of various promoters on standard reporter plasmids. This effect was small but significant and highly reproducible. This was surprising because ENL contains a transactivation domain at the C-terminus, but it lacks any discernible DNA binding motif. To investigate this phenomenon, a series of flag tagged ENL deletion mutants were created that could be expressed under control of the strong CMV promoter. (a) Primary library clones corresponding to the indicated MLL fusion partners were retransformed together with various baits into the screening strain AH109 and plated on control media or drop-out media lacking histidine/adenine as stated. The numbers denote the amino-acid positions in ENL. The known two-hybrid interaction of SNF1 and SNF4 served as positive control, empty vectors were used as negative control. LaminC fused to the GAL4 DNA binding domain (LamC) was used as control bait. All constructs were cloned into the vectors pACT2 and pGBKT7 (BD Biosciences, Clontec, Palo Alto, CA, USA). Accession numbers for insert sequences are: ENL (NM005934), AF4 (NM005935), AF5q31 (NM014423), AF10 (NM0 04641). (b) Schematic representation of a set of GAL4 DNA-BD ENL mutants established during a previous study (Garcia-Cuellar et al., 2000) . All mutant clones had been tested before for correct expression and potential autonomous transactivation capability (Garcia-Cuellar et al., 2000) . An immunoblot controlling for the presence of a full-length GAL4-ENL fusion in yeast extracts is shown in the inset. Productive interactions with the respective AF4/AF5q31 and AF10 library candidates are indicated with ' þ ', noninteracting clones are labeled 'À'. Numbers relate to amino-acid positions in ENL. The conserved N-terminal YEATS domain and C-terminal hydrophobic (hydp.) domain, as well as a central poly-proline stretch (P) of ENL are labeled. (c) Determination of the ENL binding domains in AF4 and AF10. Parentheses denote the extent of the original twohybrid isolates (the corresponding region is indicated also for AF5q31). A series of truncated GAL4 AD-AF4 derivatives was constructed and expression was verified in yeast by an anti-GAL4 AD immunoblot (upper panels). Subsequently, the clones were tested for interaction with full-length ENL. Interactions are indicated as in 'B' with the exception that clones with a retarded growth on the more stringent 'minus adenine' medium are labeled '( þ )'. Domains in AF4 are abbreviated as follows: NHD ¼ N-terminal homology domain; ALF ¼ AF4, LAF, FMR2 homology; Ser ¼ serin rich; NLS ¼ nuclear localization domain; CHD ¼ C-terminal homology domain. Designations are taken from (Nilson et al., 1997) . In a similar experiment with AF10, notably, only the originally isolated partial AF10 clone (aa 206-350) interacted with full-length ENL. AF10 domains are marked PHD ¼ plant homeodomain, a zinc-finger structure; ZIP ¼ leucine zipper
The same plasmids served also as templates for the production of the corresponding recombinant proteins by in vitro transcription-translation (Figure 3a) . When assayed on a reporter construct containing the SV40 minimal promoter, it was noted that the ENL autonomous transactivation was dependent on the presence of the N-terminus, whereas the known C-terminal transactivation domain was dispensable for this effect (Figure 3b) . Sequences homologous to the ENL Nterminus occur in at least four other proteins. This region contains a motif with the acronym YEATS, derived from YAF9 (yeast AF9), ENL, AF9, TAF30 (an Saccharomyces cerevisiae protein also known as ANC1) and SAS5 (something about silencing, also from S. cerevisiae). Yeast proteins with a YEATS domain participate in histone modification as members of multiprotein complexes. We wanted to determine if ENL also associates with chromatin components. This was tested by overlay assay. A preparation of core histones was separated by gel electrophoresis, blotted and renatured. Radioactively labeled ENL or ENL deletion mutants were added in the presence of unspecific competitor proteins and bound protein was detected after washing by autoradiography (Figure 3c ). In these experiments, ENL specifically associated with histones H3 and H1 whereas no affinity for H4, H2A and H2B could be detected. The histone binding capacity of ENL was crucially dependent on the YEATS domain as Nterminal truncation mutants were unable to interact with histones. The deletion of the C-terminal, hydrophobic activation domain, however, had no influence on H1/H3 affinity. To provide additional support for an association of ENL with histones, this interaction was probed also by GST pulldown. Approximately equal amounts of a GST-ENL fusion and GST as control were loaded onto glutathione beads. The charged beads were incubated with recombinant histone H3, washed and bound proteins were analysed by SDS gel electrophoresis followed by immunoblotting (Figure 3d ). Also, under these conditions, ENL was able to bind to H3 whereas GST showed no affinity for the histone protein.
The oncogenic mechanism behind MLL fusion proteins has been obscured by the extraordinary variety of the fusion partners. It is difficult to imagine how unrelated proteins create oncogenic MLL chimeras that transform hematopoietic cells by similar mechanism. Moreover, there is no major difference in clinical outcome regardless of the nature of the protein joined to MLL and despite the diversity in fusion partners, all cases of MLL cluster together according to their gene expression pattern (Yeoh et al., 2002; Ferrando et al., 2003) . Here, we provide evidence that the most common nuclear fusion partners are interconnected in a putative protein complex capable of binding to histones. This result is in line with the 'MLL-web' hypothesis postulated by Erfurth et al. (2004) that showed that like ENL, also the related fusion partner AF9 binds to AF4. Interestingly, aptamere peptides that were able to disrupt the AF9/AF4 complex proved to be toxic for leukemic cells with MLL-AF4 translocations supporting a role for this molecular interaction in the transformation process (Srinivasan et al., 2004) . With regard to the potential association of ENL with AF10, it is not yet clear if this is a two-hybrid artifact or if this result reflects a potential binding between these two proteins also inside the cell. The odds for a random, nonspecific interaction that selects particularly two MLL fusion partners among the millions of possible two-hybrid combinations are small. Moreover, AF10 has been shown previously to bind to GAS41 another YEATS domain protein with homology to ENL (Debernardi et al., 2002) . One possible explanation is that the binding of ENL to AF10 might be regulated by inducible conformation changes that are prerequisite to expose the respective interaction domain in AF10 and that these processes are absent in yeast. Further experiments are required to clarify this point. YEATS domain proteins seem to play a key role in the network of nuclear MLL fusion partners. In S. cerevisiae, this protein family is involved in histone modification (Cairns et al., 1996; Meijsing and Ehrenhofer-Murray, 2001; Le Masson et al., 2003; Sutton et al., 2003; Bittner et al., 2004; Zhang et al., 2004) . The histone binding capability of the ENL YEATS motif supports a similar function for the mammalian counterparts. Indeed, transactivation by MLL-ENL causes dimethylation of histone H3 at lysine K79 on target chromatin (Milne et al., 2005) and human DOT1, the only known H3 K79 methylating enzyme Figure 2 In vitro and in vivo interaction of AF4 and ENL. (a) GST pulldown experiment. Glutathione beads were loaded either with a fusion of GST to C-terminal portions of ENL as indicated by amino-acid positions or with GST itself as a control. Approximately equal protein binding was verified by boiling an aliquot of the charged beads in SDS gel loading buffer followed by gel electrophoresis and Coomassie staining (left panel). The remainder was incubated with 35 S-labeled, full-length AF4 protein generated by in vitro transcription/translation (Promega, Madison, WI, USA). After thorough washing, the retained proteins were liberated by heating in SDS sample buffer and analysed by SDS-PAGE with subsequent autoradiography of the dried gel. Details of the procedure are described in Garcia-Cuellar et al. (2000) . (b) Mutual coprecipitation of ENL and AF4. HEK293 cells were transfected by a standard Ca-phosphate method with epitope tagged versions of ENL (flag tag) and AF4 (HA tag) as noted. The cells were harvested, washed in PBS and treated with hypotonic lysis buffer (20 mM HEPES pH 7.4, 10 mM KC1, 0.5 mM ETDA, 10% glycerol, 0.1% Triton X-100, 4 mM DTT, 0.5 mM Na-vanadate, 2 mM NaF supplemented with 8 mg/ml aprotinin, 20 mg/ml leupeptin, 40 mg/ml pepstatinA, and 1 mM phenyl-methyl-sulfonyl-fluoride). After centrifugation, the remaining nuclear pellet was re-extracted in the same lysis buffer supplemented with 500 mM NaCl (nuclear lysis buffer). Immunoprecipitation was carried out from nuclear extracts corresponding to approximately 1 Â 10e7 cells with 5 mg of precipitating antibody and protein A/G agarose beads (St Cruz Biotech, St Cruz, CA, USA) as indicated. After binding extensive washes were carried out with bufferW (20 mM Tris/HCl pH 7.5, 400 mM NaCl, 0.25% BSA, 5 mM DTT, and 0.4% Triton X-100) and the precipitates were analysed by immunoblotting according to standard protocols. (c) Colocalization of ENL and AF4 in living cells. HEK293 cells were cotransfected with two plasmids encoding a fusion of EGFP with ENL and an analogous construct joining Red fluorescent protein to AF4 (pEGFP and pDsRedII system from Clontech, PaloAlto, CA, USA). At 24 h after transfection, the fluorescent proteins were microscopically examined. A nuclear speckled staining could be seen with a perfect colocalization of EGFP-ENL and Red-AF4 that is visible in the composite overlay image. (d) Gel filtration analysis of ENL and interacting proteins. HEK293 cells were retrovirally transduced with a construct enabling the moderate overexpression of flag-ENL and HA-AF4 using the pMSCV vector system and phoenix-A packaging cell lines (http://www.stanford.edu/group/nolan/). Stable integrants were selected by drug treatment. Nuclear extracts of approximately 5 Â 10 7 cells were subjected to chromatography on a Sephacryl S300 column equilibrated with 500 mM NaCl nuclear lysis buffer at 0.5 ml/min. Calibration was carried out with substances of known molecular weight: Blue dextrane (2000 kDa), thyroglobulin (669 kDa), ferritin (440 kDa), catalase (232 kDa) and serum albumin (66 kDa). After trichloro-acetic acid precipitation, the protein equivalent of 1 ml fractions was run per lane on a standard SDS gel and analysed by inimunoblotting with either an anti-flag or an anti-HA antibody. As a control for an endogenous protein that interacts with ENL, the elution of the Polycomb3 (PC3) protein was probed with a corresponding monoclonal antibody. Next to the fraction numbers the elution positions of the calibration proteins are indicated The ENL derivatives shown in (a) and schematically depicted in the right panel were tested for their general transactivation potential with an SV40 promoter driven luciferase assay. A weak but significant and reproducible transactivation capability of YEATS domain containing constructs was noted. (c) Overlay assay demonstrating an affinity of ENL for histones H3 and H1. In total, 4 mg of a core histone preparation (Upstate, Charlottesville, VA, USA) per lane were separated on a 17.5% SDS gel and blotted onto nitrocellulose in 10 mM CAPS pH 11.0, 20% methanol and 2 mM DTT. The positions of the individual histones were detected by standard Ponceau Red staining. Subsequently, the membranes were blocked and the histones were renatured by incubation for 30 min at room temperature in 10 mM Tris/HC1 pH7.5, 150 mM NaCl, 2 mM DTT, 0.2% Tween-20 and 5% (w/v) nonfat dried milk proteins. After a short wash, the membrane was incubated for 2 h with 25 ml of 35 S-labeled ENL protein produced by a standard TNT in vitro transcription/translation reaction (Promega, Wisconsin, VA, USA). Unspecific protein binding was prevented by addition of 1.5% (w/v) nonfat dried milk protein as competitor in the above buffer. After thorough washing, ENL binding was detected by autoradiography. For comparison a Coomassie-stained gel is shown. (d) GST pulldown assay: Glutathione beads were loaded either with a fusion of GST and full-length ENL or with GST as indicated. Protein binding was ensured by gel electrophoresis and Coomassie staining (left panel). The remainder of the beads was incubated with 3 mg of recombinant histone H3. After thorough washing, the retained proteins were liberated by heating in SDS sample buffer and analysed by immunoblotting with an anti-H3 antibody (Feng et al., 2002) , was found in a mammalian twohybrid assay to bind to ENL (Guoliang Xi, Shanghai, personal communication). Histone H3 K79 methylation is an activating epigenetic mark that is imposed during transcriptional elongation (Krogan et al., 2003; Wood et al., 2003) . Also ELL, the first identified MLL partner with a known function works as elongation factor (Shilatifard et al., 1996) . In addition, AF5q31 (also known as MCEF) has been identified in a complex with positive transcription elongation factor b (PTEFb) (Estable et al., 2002) . PTEFb is a dimer of CDK9 and cyclin T 1 that phosphorylates the C-terminal domain of RNA polymerase II (CTD) (Estable et al., 2002) for efficient transcription elongation.
In summary, our results support the hypothesis (Figure 4 ) that many common nuclear MLL fusion partners are interconnected in a protein network necessary for productive transcription by RNA pol II. The challenge for the future will be to clarify the molecular function of each translocation partner and determine whether all are connected with promotion of transcriptional elongation. 
